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The standard model weak interactions can be described by four-fermion V —A operators at low 
energies. New physics at the TeV scale can, however, generate the other Lorentz structures. In 
this talk, we review the constraints on such interactions from nuclear and hadronic decays, as 
well as from collider searches. Currently the most stringent bounds come from the analysis of 
the + — > + nuclear and the n —> evy radiative pion decays. In the near future, the ultracold 
neutron beta decay experiments and the direct LHC measurements will compete in setting the 
most stringent bounds, provided, however, that the neutron-to-proton non-perturbative transition 
matrix elements can be calculated to a level of 10-20% accuracy. 
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1. Effective Lagrangian for the Charge- Current Interactions 

We follow the notation of Ref. [ 1 ], which identified a minimal basis for the SU(2)l x U(l)y- 
invariant dimension-six operators contributing to low-energy charged-current processes. In partic- 
ular, we study only theories that do not violate CP and conserve baryon and lepton numbers at this 
level, and that do not contain light right-handed neutrinos. In such theories, we can write the part 
of this charged-current Lagrangian coupling quarks to leptons as 
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(1.1) 



where we have suppressed the color indices and used the notation a^ v = /[y^, y v ]/2. Further, g is 
the weak coupling, Mw is the mass of the W -boson, V,y refer to the CKM matrix elements, L and R 
to the chiral projections, £ and £' to the lepton families, i and j to the quark families, u and d to the 
generic up and down type quarks, and £ and V( to the charged leptons and neutrinos, respectively. 
This effective theory contains five families of effective couplings: v^, v R , sl, s r , and ti, which 
are expected to be of order v 2 /A 2 ~ 10~ 3 , where v is the Higgs VEV and A is the scale of new 
physics. Even though we write only the charged current sector here, we note that due to the SU(2) 
invariance of the interactions, the same effective couplings also mediate neutral current interactions 
that can be used to constrain them. 

For the most part we will be interested only in the first family of the quarks and work to linear 
order in the effective BSM couplings. Also suppressing the lepton family indices, we can write 
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where G F is the tree-level Fermi constant, Ev,a = vz, ± vr, £s,p = sl ± sr, £t = tL- In this notation, 
£y affects the overall normalization of the Fermi constant and is constrained both from low-energy 
and Z-pole observables. The right handed vector coupling, Sy — £a, however, only affects the 
ratio of Axial-to-Vector couplings and constraining it meaningfully from hadronic physics needs 
determination of the rato of vector and axial charges to better than 10~ 3 level. The rest of the cou- 
plings Es^r violate chirality and, hence, their intereference with the Standard Model interactions 
is suppressed by nif/E; consequently, they are suppressed in high-energy experiments, but remain 
accessible in pion decays and asymmetry measurements in beta decays. 

2. Collider Limits 



The BSM couplings can be directly probed at colliders as excess large transverse mass events 
in the channel pp — > ev +X. Using the CMS report that the excess in this channel at mj > 1 TeV 
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Figure 1: The bounds on the BSM scalar and Figure 2: Lower bounds on Es at 2 GeV given 
tensor interactions obtained at LHC compared to collider discovery cross-sections of 100, 10, and 
those from low-energy measurements. 2 fb at a center-of-mass energy of y/s — 14 TeV. 



is less than 3.7 events in 1.13 fb -1 of data at y/s = 7 TeV J2), we can, therefore, obtain bounds on 
the BSM couplings. As discussed later, and shown in Fig. [TJ these bounds are currently weaker 
than the bounds obtained from low energy experiments. 

The collider bounds, however, get considerably stronger if the scalar interaction is due to a 
resonance that is accessible at the LHC energies. If this new resonance couples to the quarks with 
a coupling constant g q and to the leptons with gi, then the partial cross section can be written as 



2 2 m S Tf \ 



(2.1) 



where s is the square of the center-of-mass energy, z = m 2 /s, L{i) is the relevant parton-distribution 
function and ms and Ys are the mass and width of the resonance. With these couplings, the reso- 
nance can decay at least to quarks and leptons, so we have 
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(2.2) 



where 7V C is the number of colors in the theory. At low energies, the same couplings give a contri- 
bution to £5: 

V 2 \2v 2 y/lN r 



rrr 



ktL(t) 



(2.3) 



As shown in Fig. this implies that for reasonable discovery cross-sections of 100 fb at y/s 
14 TeV, a low-energy measurement sensitivity of 10~ 4 on £5 is highly competitive. 



3. Neutron beta decay 



All of the BSM four-fermion operators contribute to the neutron beta decay n(p„) — > p(p p ) 
e {Pe)v e {pv)- The transition matrix elements of the quark bilinears required to analyze this can be 
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parameterized as |[3l 
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+ gf{q) {qn p v-qvPn) +g T (q) {y^Yv-Yv^) u n { Pn ) , (3.ie) 



where u p )H are the proton and neutron spinor amplitudes, P = p n +p p , q = p n ~Pp is the momentum 
transfer, and M^ = (M n +M p )/2 denotes an isospin-invariant nucleon mass. 

Note that we are interested in disentangling the effects of £p^j which are expected to be about 
10~ 3 when induced by BSM physics at the TeV scale. This is the same size as the recoil corrections 
of order q/M^, as well as the radiative corrections proportional to a s /n and isospin breaking effects 
proportional to (M„ —M p )/M^. In the above equation, all the spinor contractions are 0(1), except 
for UpYsUn which is Ofa/Mx). Furthermore, only the vector and axial vector bilinears appear in 
the standard model, the rest are pure BSM corrections and appear multiplied by £s,pj- Finally, 
the change in the form factors between zero momentum and the finite recoil are proportional to 
g 2 /Ag CD ~ 10~ 5 . In light of this, we now discuss the contributions from these bilinears that are 
relevant to the linear order in a simultaneous expansion in e, q/M^, (M„ — M p )/M^, ^ 2 /Aq CD and 
a s /%. 



Vector Current: The form factor gy (0) contributes to the leading order, whereas the weak 
magnetic charge grfv) (0) contributes to the first order in q/M^. The former is 1 up to second- 
order corrections in isospin breaking and the latter can be related to the difference of proton 
and neutron magnetic moments by isospin symmetry. Both of these are, therefore, known to 
the required accuracy. The induced-scalar form factor, gs(0), vanishes in the isospin limit 
and is further proportional to q^/M^, so it can be neglected to this order. 

Axial Current: gA (0) contributes to this marix element at our required order. The induced- 
tensor form factor, §t(a) (0)> vanishes in the isospin limit and has an explicit q^/M^, whereas 
the induced pseudoscalar, gp(0), is proportional both to q^/m^ and to the pseudoscalar 
spinor contraction that it is also of order q^/m^. 

Pseudoscalar bilinear: This entire term is subleading since the pseudoscalar contraction is 
proportional to q^/m^ and the contribution is also proportional to a BSM coupling. 

Scalar and Tensor bilinears: The terms proportional to gs(0) and gr(0) are 0(1) and mul- 
tiplied by the BSM couplings £5 and Ej- The g T ' contributions are subleading since they 
are multiplied by an explicit factor of q^ jm^. 
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In summary, the only matrix elements that feed into the leading order determination of the BSM 
coefficients, and are not directly constrained by experiments to the required order, are #a(0), gs(0), 
and g:r(0) j Furthermore, the BSM coefficient Ey can be absorbed into a redefined Fermi constant 
G F =G F (\ + ley), and Sa can similarly be used to redefine the ratio of axial and vector charges: 
l = (e v -e A )g A (0)/g v {0). 

The differential decay distribution of the neutron is given by H Q 

idEsS - ( ^^(^ 1 )ME<)-D(E^o,, ) , (3.2, 

where p e and p v denote the electron and neutrino three-momenta, and o n denotes the neutron 
polarization. The bulk of the electron spectrum is described by 

w(E e ) = p e E e (E - E e ) 2 x rad.corr. , 

where Eq = A — (A 2 — ra 2 )/(2M„) (with A = M n — M p ) is the electron endpoint energy, m e is the 
electron mass, and rad.corr. stands for the Coulomb and radiative corrections EIHIIH. ^ ne remam " 
ing differential decay distribution function D(E e ,p e ,p v ,a n ) is parameterized as lH[5l|7] 

D(E e ,p e ,p v ,a n ) = l+co + c l ^ + ^b + B(E e )^^+A(E e )^-^ + ..., (3.3) 

Mn h e fcy h e 

where co,i are recoil corrections, b is a Fierz interference term, A{E e ) and B{E e ) describe the 
angular correlations between outgoing momenta and the neutron spin, and the correlations between 
the outgoing electron and neutrino momenta are not shownjjj An important point to note is that 
experiments usually measure the angular dependence by measuring the decay asymmetry, i.e. the 
decay rate in some 'forward' and 'backward' bins normalized by the total decay rate. Since the 
Fierz intereference term appears in this normalization, extraction of BSM contributions to these 
asymetries is always contaminated by the BSM contributions to b. 

The BSM scalar and tensor interactions appear to linear order in the above decay matrix ele- 
ment in only two terms ||9l : 



- ^<9fi BSM (£ e ) 

■> v — tL e 



im e 



? BSM « 034g s e s - 5.22g T e T , (3.4a) 



&0Mg s e s -4.S5g T eT, (3.4b) 

m»=0 



where all the matrix elements are evaluated at zero momentum transfer. Currently both of these 
quantities have extremely weak bounds: they are known to lie in the interval [—0.3,0.5] at 95% 
Confidence Level. Experiments to measure these quantities to the level of 10~ 3 are under way ifTOl . 
Additionally, the scalar and tensor charges of the nucleon are very poorly constrained by phe- 
nomenology ifTTl : 0.25 < gs < 1.0 and 0.6 < gr < 2.3, and current lattice estimates also have large 
uncertainties: gs = 0.8(4) and gr = 1.05(35) 0. In Fig.pl we show the impact of a 10~ 3 level 
measurement with these uncertainties on the estimates of the charges, though lattice calculations 
are under way to improves these estimates lfT2l . 



The effect of gp(0) is, however, only slightly smaller. Using PC AC relations, one can show that this matrix element 
is proportional to M^/in q ~ 100. Its contribution to the amplitude is, therefore, about 10~ 4 instead of the expected 10 -6 . 
2 Recoil corrections to the asymmetry itself is discussed in Ref. (8). 
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Figure 3: 90% Confidence Intervals of allowed regions in the £s~£t plane by the existing bounds on + — > + 
nuclear beta decay life times and the projected measurements of the neutron decay asymmetry at the 10~ 3 
level. The left panel shows the results with the scalar and tensor charges constrained by phenomenology, 
whereas the right panel uses the current lattice estimates. 

4. Low Energy Phenomenology 



The BSM coefficients Ss,pj are also constrained by various nuclear beta decays. In particular, 
the half lives of various + — > + decays constrain the scalar coupling lfT3l to a 90% Confidence 
Interval (CI) of — 1 x 10~ 3 < gs£s < 3.2 x 10~ 3 . The tensor coupling, on the other hand, can be 
constrained by studying pure Gamow-Teller transitions; the 90% CI from 60 Co and 114 In are —2.9 x 
10~ 3 < g T e T < 1.5 x 10~ 2 [DO and -2.2 x 10~ 3 < g T e T < 1.3 x 10~ 2 O, respectively. Further 
bounds can be obtained by studying the angular and momentum correlations in various beta decays, 
and some of the best 90% CIs from such measurement are —0.76 x 10~ 2 < gs£s + 0.1 8gr £7- < 
1.0 x 10~ 2 and |g7-£r| < 3.1 x 10~ 3 from positron polarization measurements |[T6l [P71 [T8l , and 
|gr£r| < 6 x 10~ 3 from beta-neutrino momentum correlations lfl9l . 

The pion decays are very precisely measured and can also be used to constrain the BSM 
couplings. In particular, the branching ratio of pion decays to electrons, 



Rn = 



r(7i -><?v[y]) 
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is very well constrained. This BSM contribution is given as 
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Unless there are accidental cancellations, the quadratic terms in the denominator can be neglected. 
The contribution of the quadratic terms in the numerator is, however, enhanced by the large coeffi- 
cient B/m e « 3.6 x 10 3 in MS at 1 GeV. The experimental constraint Rx/Rf = 0.996 ±0.005 
at 90% confidence then allows only a small spherical shell in £p e '^' T space that is centered at 
2.75 x 10~ 4 ,0,0 with a radius of 2.75 x 10~ 4 and a thickness of 1.38 x 10~ 6 . Therefore, without 
assuming any relation between the various pseudoscalar couplings, one can only bound them as 



-1.4x 10" 



< e e P e < 5.5 x 10~ 4 , -2.75 x 10~ 4 < e^' z < 2.75 x 10" 



(4.3a) 
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Standard model radiative corrections, however, mix the scalar, tensor, and pseudoscalar couplings: 



e P (jx) = £p (A) 1 + 1.3 x l(T 2 iog 



A 



+6.7 x 10" 4 £ 5 (A)log--7.3x 10~ 2 £ r (A)log - 



(4.4) 



where we have suppressed the family indices. As a result, barring cancellations, the stringent con- 
straints on the pseudoscalar coupling translate to constraints on scalar and tensor couplings as well: 
l £ s| ^8x 10 and |er| < 10~ 3 . The constriaint on the tensor is similar to that obtained directly 
from the radiative branching fraction of the pion decay: —2 x 10~ 4 < Ejfj < 2.6 x 10~ 4 , where 
fr, the tensor charge of the pion, is estimated to be 0.24 ± 0.04. 

Acknowledgements 

We thank V. Cirigliano, A. Filipuzzi, M. Gonzalez-Alonso and M. Graesser, who collaborated 
with us on the detailed paper [9]. The speaker is supported by the DOE grant DE-KA- 140 1020. 



References 



H 

[2 
13 
14 
15 
16 
17 
18 
19 
[10 
111 

[12: 

[13 
[14; 
[15 
[16 
[17 
[18 
[19 



V. Cirigliano, et al, Nucl.Phys. B830 (2010) 95 ^TT5l l far~Xiv: 0908 . 1754) . 

V. Khachatryan et al, CMS Collaboration, \CERN Report number CMS-PAS-EXO- 11-024 (20"TT)| 

Steven Weinberg, \Phys. Rev. 112 (1958) 1375-1379 



S. Ando et al., Phys. Lett. B595 (2004) 25Q-259"HarXiv: nucl-th/0402100) . 

V.P. Gudkov, et al., \Phys. Rev. C73 (2006) 035501| | |arx"iv:nucl-th/0510012) . 

A. Czarnecki, et al., Phys. Rev. D70 (2004) 93006 [a rXlv:hep-ph/ 04 6324) . 

S. Gardner and C. Zhang, \Phys. Rev. Lett. 86 (2001) 5666-5669||arXiv:hep-ph/0012098l . 

S.K.L. Sjue. \Phys. Rev. C72 (2005) 04550T1|arXiv:nucl-th/0507041) . 



T. Bhattacharya, et al., In press at Phys. Rev. D, arXiv:1110.6448 



R. Gupta, etal, |PoS (LATTICE 2011) 271||arXiv: 1202 . 1320) . 



P. Herczeg, Prog. Part. Nucl. Phys. 46 (2001) 413^157 



H.-W. Lin, et al, |PoS (LATTICE 2011) 273| 

J.C. Hardy and I.S. Towner, \Phys. Rev. C79 (2009) 055502HarXiv: 0812 .12 02) . 

F. Wauters, et al, \Phys. Rev. C82 (2010) 055502| | |arXiv: 1005 . 5034) . 

F. Wauters, et al. \Phys. Rev. C 80 (2009 ) 06250THarXiv: 0901 . 0081) . 



A.S. Carnoy, etal, Phys. Rev. C43 (1991) 2825-2834 



V.A. Wichers, et al, Phys. Rev. Lett. 58 (1987) 1821-1824 



N. Severijns, et al, Hyperfine Interactions 129 (2000) 223-236 



PA. Vetter, et al, Phys. Rev. C77 (2008) 035502 |arXiv: 0805 . 1212 | 



